Executive functioning (EF), which is considered to govern complex cognition, and verbal memory (VM) are constructs assumed to be related. However, it is not known the magnitude of the association between EF and VM, and how sociodemographic and psychological factors may affect this relationship, including in normal aging. In this study, we assessed different EF and VM parameters, via a battery of neurocognitive/psychological tests, and performed a Canonical Correlation Analysis (CCA) to explore the connection between these constructs, in a sample of middleaged and older healthy individuals without cognitive impairment (N = 563, 50+ years of age). The analysis revealed a positive and moderate association between EF and VM independently of gender, age, education, global cognitive performance level, and mood. These results confirm that EF presents a significant association with VM performance.
Introduction
Executive functioning (EF) is relevant for cognitive control of behavior. Although models of EF considerably differ, it is consensual that this component governs goal-directed behavior, that is, the control of complex cognition, mainly in non-routine tasks, which require some degree of adaptation to environmental changes. EF has been implicated in the control of processes such as planning, abstraction, reasoning, monitoring, fluency, and other cognitive operations (Lezak, 1995) . The study of EF has received great attention in healthy individuals, mainly with respect to its involvement with aspects of cognitive aging (Salthouse, Atkinson, & Berish, 2003) . Supporting this thesis, there is robust evidence from neuroanatomical studies showing that EF tasks recruit the activation of frontal areas, particularly the prefrontal cortex (Alvarez & Emory, 2006) , which are among the areas known to be particularly affected in the process of aging (Salthouse et al., 2003) . Furthermore, it seems evident from the literature that EF affects other cognitive domains, including the association memory, which has been exhaustively explored (Abrahams et al., 2000; Bryson, Whelahan, & Bell, 2001; Proctor, Wilson, Sanchez, & Wesley, 2000; Tremont, Halpert, Javorsky, & Stern, 2000; Vanderploeg, Schinka, & Retzlaff, 1994 ).
Despite this, the level of the association between these dimensions is not clear, both in healthy individuals as well as in multiple clinical populations. Several reports point to a positive association between EF and verbal memory (VM). For example, Fossati, Amar, Raoux, Ergis, and Allilaire (1999) found a positive association between EF and VM in a schizophrenic patients sample, and Tremont and colleagues (2000) reported that patients with executive dysfunction also performed poorly in VM tasks. Furthermore, individuals with executive dysfunction perform poorly on VM tasks compared with individuals with normal EF (Brooks, Weaver, & Scialfa, 2006) . The same pattern was also observed in healthy individuals, where cognitive control levels were positively associated with memory performance (Thomas T. Hills, Mata, Wilke, & Samanez-Larkin, 2013) . This may be explained as a reduction of EF capacities which, in turn, conduct to a reduced focus on relevant cues, while switching to distracting ones (Unsworth & Engle, 2007) . However, other authors have suggested that this relationship might be mediated by the type of EF tasks. In particular, although subcomponents of EF such as sustained attention and mental tracking were associated with VM, this association was not found with other EF subcomponents such as abstraction, problem solving, and planning (Vanderploeg et al., 1994) . Also of note, Bryson and colleagues (2001) verified that EF and VM parameters loaded on separate components in schizophrenic individuals.
The main goal of this work was to analyze the strength of the relation between EF and VM in older individuals without cognitive impairment, comprising all dimensions in one single analysis, through the use of canonical correlation analysis (CCA). Furthermore, we aimed to test whether sociodemographic variables (gender, age, and education), global cognitive performance, and mood status categories play a moderator role in this relation.
Method

Study Sample
A total of 563 healthy individuals (equally distributed with respect to gender) were randomly selected from the Guimarães and Vizela (Portugal) local area health authority registries (health care centers). All participants were community dwellers, being equally distributed between urban and rural areas. The majority of individuals were in the medium socioeconomic stratum (Class III, Graffar measure [Graffar, 1956] ) and retired. The cohort was representative of the general Portuguese older population with respect to age (range: 50-89 years, M = 65.23, SD = 9.08, [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] : n = 180, 32.0%; [60-70]: n = 192, 34.1%, [70+] : n = 191, 33.9%) and education (median years of formal education = 4 school years, primary education; literacy rate: 99.4%, able to read and write). The distribution of gender for age and education categories is presented in Table 1 .
The study was conducted in accordance with the Declaration of Helsinki (59th Amendment) and was approved by the national ethical committee (Comissão Nacional de Proteção de Dados) and by the local ethics review boards (Hospital Escola Braga, Braga; Centro Hospitalar do Alto Ave, Guimarães; and Unidade Local de Saúde do Alto Minho, Viana do Castelo/Ponte de Lima).
The study goals and the neurocognitive assessments were carefully explained to participants. All volunteers provided written informed consent. The primary exclusion criteria included inability to understand informed consent, withdraw from the study, incapacity and/or inability to attend the neuropsychological assessment session(s), and/or diagnosed dementia or neuropsychiatric disorder. All the participants met the proposed threshold for cognitive impairment in individuals with low education levels, based on Mini-Mental State Examination (MMSE) total score (Paulo et al., 2011 [DR] ). All the above-mentioned tests are robustly validated with respect to the assessment of EF and VM (Santos et al, 2015) . The Geriatric Depression Scale (GDS) was administered to assess for (depressive) mood status. A team of trained psychologists conducted the assessments.
Canonical Correlation Analysis
CCA is a multivariate statistical model designed to identify patterns in complex data sets. It allows to study the interrelationships between independent and dependent sets (vectors) of variables. In fact, multivariate statistical procedures can aid in bridging the gap between the theoretical and practical world of behavioral sciences, providing relevant information that cannot be obtained through the use of univariate models (Thompson, 1991) . The use of multivariate procedures also limits the probability of committing Type I (experiment wise) errors, that is, the likelihood of finding false statistically significant results (Fan, 1997; Thompson, 1991) . The risk of committing Type I errors considerably grows when too many statistical tests are performed on the same variables in a dataset. Furthermore, of biological significance, most human behavior research typically investigates variables that possibly have multiple causes and effects. Therefore, using statistical techniques that are able to handle multiple independent and dependent variables seems appropriate.
To perform CCA, two sets of variables are needed. It is relevant that there is some theoretical meaning behind the construction of the sets, or at least, it should make sense that one group of variables would constitute the independent set of variables, whereas the other would correspond to a dependent set. When these conditions are met, some authors suggest that CCA is the most appropriate and powerful multivariate technique (e.g., Hair, Black, Babin & Anderson, 2010) . CCA can be used to address a wide range of objectives: (a) to determine whether two sets of variables are independent of each other or, on the other hand, how they are related; (b) to explain the nature of the relationship between two sets of variables by assessing how each variable contributes to the extracted canonical functions. However, CCA does not assume a dependent versus independent relationship between the two sets of variables. Rather, it analyzes the association between sets: The results would be the same if the X and Y variables were reversed. Technically, the essence of CCA is to form pairs of linear combinations of predictor and criterion variables to maximize the correlation between each pair. Separate sets of coefficients weights are applied to the predictor and criterion variables to form the linear combinations. The canonical correlation itself is the correlation between the linear combinations of predictors and criteria. Canonical correlation can be expressed analytically as follows:
where Y is the set of dependent variables and X the set of independent variables. The sets of original variables are linearly combined to produce pairs of synthetic variables yielding the max bivariate correlation. The procedure of creating synthetic variables is similar to the use of linear equations in multiple regression (Henson, 2002) , where beta weights are multiplied with observed scores and then are summed to produce synthetic predicted scores
The synthetic variables obtained in CCA are similar to those produced in other statistical procedures such as principal component analysis (PCA) and discriminant analysis (DA). However, the criteria to obtain those variables differ among the different techniques. In DA, for instance, the original variables are linearly combined to obtain synthetic variables with the objective of maximizing the ratio of between-to within-group variances in such a way that different groups will be maximally differentiated. On the other hand, in PCA, the goal of producing synthetic variables is to account for the max variation of the original variables with the smallest possible number of components.
Statistical Analysis Strategy
The data analysis procedure was structured as follows: 
where r denotes the Pearson correlation coefficient. The canonical correlation between EF and VM sets was assessed through the visual inspection of the scatterplot.
Statistical significance was defined at p<0.05. The R, R Commander (Fox, 2005) , CCA (González & Déjean, 2012) , YACCA (Yet Another Canonical Correlation Analysis Package [Butts, 2012] ), and mvShapiroTest (Gonzales-Estrada & Villasenor, 2013) packages and SPSS v22 (IBM SPSS statistics) were used to perform the statistical analysis.
Results
Descriptive statistics (M and SD) for the cognitive parameters assessed, and the canonical scores for the different group categories (gender, age, education, mood, and global cognitive performance) are provided in Table 2 . EF parameters, but not VM parameters, were significantly affected by gender, with scores on these parameters being higher in males. A significant effect of age on EF and VM parameters (all ps < .05, with the exception of COWAT-FAS parameter) was noted, with the youngest group presenting the highest scores on both EF and VM parameters. Participants with less than 3 years of formal education presented lower values on all EF and VM parameters (all ps < .05), compared with those with 4 or more years of education. With respect to mood status, participants with higher depressive status presented lower levels of EF and VM comparing with the lower depressive status group for all EF and VM parameters (all ps < .05). Similarly, the group with poorer global cognitive performance had lower scores on both EF and VM parameters.
Multivariate normality was tested, and significant results were found according to multivariate ShapiroWilk test (MVW = 0.968, p < .001). To verify the severity of this violation, multivariate skewness (Sk = 1,023.99) and kurtosis (K = 17.28) were calculated, and the results indicated an asymmetric and platykurtic data distribution. Univariate histograms were performed and evaluated for normality. The minimum values for Sk and K were observed on Stroop Words (Sk = −.099, K = −.403), and the maximum scores were obtained on Digits Backward parameter (Sk = 1.311, K = 4.033) and were considered acceptable considering the following rulesof-thumb: absolute Sk and K values lower than 3.0 and 8.0, respectively (Kline, 2011) .
Canonical Correlation Analysis
The Barlett's test for chi-square approximation for the first canonical function (CF) revealed that the sets of variables were not independent of each other, χ 2 (15) = 161.6, p < .001. With respect to the remaining CFs, the Barlett's test showed that there was no significant linear combination between EF and VM, neither in the second 1 Each CF represents the maximization of the shared variance between sets, such that the variance not explained by the first function is complemented by the following orthogonal canonical functions. The sets of variables were moderately associated (r = .492) according to the first CF (Figure 1 ). All the variables of the IV and DV sets presented correlation coefficients above .50, with the exception of Stroop WC, for which a coefficient of .26 was observed. These results highlighted the adequacy of the two dimensions and of the selected parameters (Figure 2 ). Using the Fisher r to z transformation, the comparison of canonical correlation coefficients with respect to the first CF in subgroup analysis revealed that for gender (r[males] = .526, p < .001; r[females] = .485, p < .001) the difference between correlation coefficients was not significant (z = .59, p = .56). = .539, p < .001) all the differences given by z were not statistically significant, meaning that none of these variables can be considered moderators of the association between EF and VM.
Discussion
In a cohort of healthy individuals, we analyzed the relationship between EF and VM parameters. Using CCA, we were able to detect a modest, but significantly positive, association between these two parameters. Furthermore, it is of note that this relation seems to be independent of sociodemographic variables (such as gender, age, or school years), mood status (as measured by GDS), and, interestingly, global cognitive performance (that is, stronger or poorer global cognitive performance). To the best of our knowledge, only one study (Duff, Schoenberg, Scott, & Adams, 2005) has examined the association between EF and VM through the use of CCA. However, the study analyzed the relationship between EF and VM in a clinical sample with suspected neurological and psychiatric conditions. Since this technique is considered appropriate when dealing with sets of variables, it is somehow surprising the lack of studies addressing this topic with this statistical method. In this context, although the interplay between EF and VM is well established, the relationship between EF and VM is typically analyzed between single dimensions of each construct. By using this multivariate technique, we are able to assess this relationship taking into consideration the relevance of all components of each dimension.
Herein, although the canonical correlation between the sets of variables that comprise EF and VM is relatively modest, it deserves some reflection considering its significant and stable association. These results seem to corroborate a previous theory regarding age-related dynamics involved in memory tasks -the cue-maintenance hypothesis (Unsworth & Engle, 2007) . This view postulates that memory is a dynamic process in which individuals rely on relevant cues to access learned materials. Thus, in accordance with previous suggestions (Hills, Todd, & Goldstone, 2010) , it is plausible to hypothesize that reduced EF performance -reduced cognitive control, particularly -may conduct to a decreased ability to ignore distracting cues, while attending to relevant ones. This may be translated in a reduced VM capacity.Possible explanations may stem from neuroanatomical evidence. The prefrontal cortex, an area that is known to be importantly involved in EF tasks, seems to play a supervisory role in the encoding and retrieval of VMs (Nyberg & Cabeza, 2000) . Moreover, recent evidences have suggested that an increased thinning in frontal and cingulate cortices in mild cognitive impairment individuals (a condition characterized by executive dysfunction) was also related with worse performance on memory tasks, which is beyond the robust dependence of memory deficits on hippocampal atrophy (Chang et al., 2010) and other medial temporal structures (Brown & Aggleton, 2001) . In line with these findings, it is possible that the present results, pointing to a stable association between EF and VM, may derive from the impact that brain structures involved in EF processing have on the performance in VM tasks. However, it is also of relevance that only near 25% of the variance is shared by canonical scores of EF and VM, which highlights an independence between these two constructs. As abovementioned, the memory of verbal stimuli is not strictly dependent on the hippocampus, with other structures from the temporal lobe (particularly from the left hemisphere) also playing a relevant role. In fact, the hippocampus, parahippocampal gyrus and perirhinal cortex seem to display dissociable (albeit complementary) roles during verbal encoding. Particularly, it has been suggested that the perirhinal cortex and the hippocampus work in an integrated fashion during the encoding of verbal information (Brown & Aggleton, 2001 ). On the other hand, parahippocampal activations have been noted in a functional magnetic resonance imaging (fMRI) study during the encoding of the first elements on a VM task (Brewer, Zhao, Desmond, Glover, & Gabrieli, 1998) . Therefore, it can possibly be argued that the variety of brain structures implicated in memory encoding and retrieval may contribute to reduce the strength of association between these dimensions. Here, the fact that the EF/VM relationship was not affected by sociodemographic variables (gender, age, or education), mood, or global cognitive performance enhances the possibility that there are some stable neurobiological mechanisms underlying the performance on both EF and VM tasks.
Authors have suggested that EF underlies other complex cognitive tasks, namely, episodic memory (McCabe, Roediger, McDaniel, Balota, & Hambrick, 2010) . It is proposed that age-related declines in some aspects of EF (such as executive attention) underlie the deterioration of episodic memory observed during the process of aging. In fact, neuroanatomical explanations have been put forward in support of this hypothesis, namely, the interplay between prefrontal cortex and medial temporal lobe structures, most likely mediated by thalamic pathways (Ketz, Jensen, & O'Reilly, 2015) . Moreover, it was suggested that prefrontal cortex plays an important role in the use of the context to guide the retrieval of memories, and that the memory consolidation depends on the integrity of temporal lobe structures, particularly the hippocampus (Preston & Eichenbaum, 2013) . Thus, it is possible that the absence of statistically significant differences in the associations between the different aspects reported here are due to the fact that alterations in one component (EF) appear to underlie alterations in the other (VM), independently of sociodemographic aspects.
Some study limitations should be addressed. Although the focus of the analysis is on VM, episodic memory is not limited to this component. Therefore, the results should be interpreted with caution when generalizing the association between EF and episodic memory to other episodic memory parameters further than VM. Our sample was restricted to adults with 50 or more years of age. It would be interesting to assess the relationship herein reported in younger individuals. In fact, it is well known that several aspects of cognitive performance are known to decrease with age. Indeed, several aspects, such as processing speed, reasoning, and memory are affected with increased age, being suggested that these agerelated differences start early in adulthood, probably even already in the 20s (Salthouse, 2004) . Thus, it would be relevant to explore the association between the constructs here analyzed in other developmental phases. Finally, the definition of cognitive performance categories based on the results of canonical scores for both dimensions can be questioned. However, this strategy was considered to be relevant because it proved that the relationship does not differ significantly between individuals with higher and lower scores on the cognitive parameters assessed, adding as well an interesting aspect in that associations may be tied in regardless of performance level.
In sum, our results corroborate and extend on the reported evidences from neuroanatomical studies, in which EF significantly affected VM performance, with this apparent dependence being verified independently of sociodemographic and neurocognitive/psychological characteristics such as gender, age, mood, and global cognitive performance. In addition, we highlight the relevance of the use of the analytical procedure here presented to study the relationship between other cognitive or psychological domains.
